Top-down mass spectrometry (MS)-based proteomics is arguably a disruptive technology for the comprehensive analysis of all proteoforms arising from genetic variation, alternative splicing, and posttranslational modifications (PTMs). However, the complexity of top-down high-resolution mass spectra presents a significant challenge for data analysis. In contrast to the well-developed software packages available for data analysis in bottom-up proteomics, the data analysis tools in top-down proteomics remain underdeveloped. Moreover, despite recent efforts to develop algorithms and tools for the deconvolution of top-down high-resolution mass spectra and the identification of proteins from complex mixtures, a multifunctional software platform, which allows for the identifica- With well-developed algorithms and computational tools for mass spectrometry (MS) 1 data analysis, peptide-based bottom-up proteomics has gained considerable popularity in the field of systems biology (1-9). Nevertheless, the bottom-up approach is suboptimal for the analysis of protein posttranslational modifications (PTMs) and sequence variants as a result of protein digestion (10). Alternatively, the protein-based top-down proteomics approach analyzes intact proteins, which provides a "bird's eye" view of all proteoforms (11), including those arising from sequence variations, alternative splicing, and diverse PTMs, making it a disruptive technology for the comprehensive analysis of proteoforms (12-24). However, the complexity of top-down high-resolution mass spectra presents a significant challenge for data analysis. In contrast to the well-developed software packages available for processing data from bottom-up proteomics experiments, the data analysis tools in topdown proteomics remain underdeveloped.
With well-developed algorithms and computational tools for mass spectrometry (MS) 1 data analysis, peptide-based bottom-up proteomics has gained considerable popularity in the field of systems biology (1) (2) (3) (4) (5) (6) (7) (8) (9) . Nevertheless, the bottom-up approach is suboptimal for the analysis of protein posttranslational modifications (PTMs) and sequence variants as a result of protein digestion (10) . Alternatively, the protein-based top-down proteomics approach analyzes intact proteins, which provides a "bird's eye" view of all proteoforms (11) , including those arising from sequence variations, alternative splicing, and diverse PTMs, making it a disruptive technology for the comprehensive analysis of proteoforms (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . However, the complexity of top-down high-resolution mass spectra presents a significant challenge for data analysis. In contrast to the well-developed software packages available for processing data from bottom-up proteomics experiments, the data analysis tools in topdown proteomics remain underdeveloped.
The initial step in the analysis of top-down proteomics data is deconvolution of high-resolution mass and tandem mass spectra. Thorough high-resolution analysis of spectra by horn (THRASH), which was the first algorithm developed for the deconvolution of high-resolution mass spectra (25) , is still widely used. THRASH automatically detects and evaluates individual isotopomer envelopes by comparing the experimental isotopomer envelope with a theoretical envelope and reporting those that score higher than a user-defined threshold. Another commonly used algorithm, MS-Deconv, utilizes a combinatorial approach to address the difficulty of grouping MS peaks from overlapping isotopomer envelopes (26) . Recently, UniDec, which employs a Bayesian approach to separate mass and charge dimensions (27) , can also be applied to the deconvolution of high-resolution spectra. Although these algorithms assist in data processing, unfortunately, the deconvolution results often contain a considerable amount of misassigned peaks as a consequence of the complexity of the high-resolution MS and MS/MS data generated in top-down proteomics experiments. Errors such as these can undermine the accuracy of protein identification and PTM localization and, thus, necessitate the implementation of visual components that allow for the validation and manual correction of the computational outputs.
Following spectral deconvolution, a typical top-down proteomics workflow incorporates identification, quantitation, and characterization of proteoforms; however, most of the recently developed data analysis tools for top-down proteomics, including ProSightPC (28, 29) , Mascot Top Down (also known as Big-Mascot) (30) , MS-TopDown (31) , and MSAlignϩ (32) , focus almost exclusively on protein identification. ProSightPC was the first software tool specifically developed for top-down protein identification. This software utilizes "shotgun annotated" databases (33) that include all possible proteoforms containing user-defined modifications. Consequently, ProSightPC is not optimized for identifying PTMs that are not defined by the user(s). Additionally, the inclusion of all possible modified forms within the database dramatically increases the size of the database and, thus, limits the search speed (32) . Mascot Top Down (30) is based on standard Mascot but enables database searching using a higher mass limit for the precursor ions (up to 110 kDa), which allows for the identification of intact proteins. Protein identification using Mascot Top Down is fundamentally similar to that used in bottom-up proteomics (34) , and, therefore, it is somewhat limited in terms of identifying unexpected PTMs. MS-TopDown (31) employs the spectral alignment algorithm (35) , which matches the top-down tandem mass spectra to proteins in the database without prior knowledge of the PTMs. Nevertheless, MS-TopDown lacks statistical evaluation of the search results and performs slowly when searching against large databases. MS-Alignϩ also utilizes spectral alignment for top-down protein identification (32) . It is capable of identifying unexpected PTMs and allows for efficient filtering of candidate proteins when the top-down spectra are searched against a large protein database. MS-Alignϩ also provides statistical evaluation for the selection of proteoform spectrum match (PrSM) with high confidence. More recently, Top-Down Mass Spectrometry Based Proteoform Identification and Characterization (TopPIC) was developed (http://proteomics.informatics.iupui.edu/software/toppic/index.html). TopPIC is an updated version of MS-Alignϩ with increased spectral alignment speed and reduced computing requirements. In addition, MSPathFinder, developed by Kim et al., also allows for the rapid identification of proteins from top-down tandem mass spectra (http://omics.pnl.gov/software/mspathfinder) using spectral alignment. Although software tools employing spectral alignment, such as MS-Alignϩ and MSPathFinder, are particularly useful for top-down protein identification, these programs operate using command line, making them difficult to use for those with limited knowledge of command syntax.
Recently, new software tools have been developed for proteoform characterization (36, 37) . Our group previously developed MASH Suite, a user-friendly interface for the processing, visualization, and validation of high-resolution MS and MS/MS data (36) . Another software tool, ProSight Lite, developed recently by the Kelleher group (37), also allows characterization of protein PTMs. However, both of these software tools require prior knowledge of the protein sequence for the effective localization of PTMs. In addition, both software tools cannot process data from liquid chromatography (LC)-MS and LC-MS/MS experiments, which limits their usefulness in large-scale top-down proteomics. Thus, despite these recent efforts, a multifunctional software platform enabling identification, quantitation, and characterization of proteins from top-down spectra, as well as visual validation and data correction, is still lacking.
Herein, we report the development of MASH Suite Pro, an integrated software platform, designed to incorporate tools for protein identification, quantitation, and characterization into a single comprehensive package for the analysis of topdown proteomics data. This program contains a user-friendly customizable interface similar to the previously developed MASH Suite (36) but also has a number of new capabilities, including the ability to handle complex proteomics datasets from LC-MS and LC-MS/MS experiments, as well as the ability to identify unknown proteins and PTMs using MSAlignϩ (32) . Importantly, MASH Suite Pro also provides visualization components for the validation and correction of the computational outputs, which ensures accurate and reliable deconvolution of the spectra and localization of PTMs and sequence variations.
EXPERIMENTAL PROCEDURES
Software Design and Implementation-The default algorithm for spectral deconvolution in MASH Suite Pro is a modified version of THRASH (25) that we developed in-house based on the Decon2LS open source code (38) . MS-Alignϩ (32) has been integrated into the program and is used for top-down protein identification. The program is written on the Microsoft .NET framework. The main scientific algorithms are written in Cϩϩ, and the visual development was written with C#. The windows were developed using Qios Devsuite, and the graphs and spectrum charts were developed using Microsoft Chart Controls. The graphical user interface of MASH Suite Pro was designed using tabbed document interface. The software architecture pattern was based on model view controller, and the data tables were constructed based on Listview and Datagrid structures (36) .
Extraction of Myofilament Proteins-Approximately 20 mg of swine cardiac left ventricular tissue was homogenized thoroughly in 200 l of HEPES extraction buffer (25 mM HEPES, pH 7.5, 50 mM NaF, 0.25 mM Na 3 VO 4 , 0.25 mM PMSF, 2.5 mM EDTA) at 4°C using a Teflon pestle (1.5 ml tube flat tip, Scienceware, Pequannock, NJ). The resulting homogenate was centrifuged at 17,000 relative centrifugal force for 15 min at 4°C, and the supernatant was removed (19) . The pellet was subsequently homogenized in 100 l TFA extraction solution (1% TFA, 1 mM Tris (2-carboxyethyl) Phosphine) to extract the myofilament proteins. The homogenate was centrifuged at 17,000 relative centrifugal force for 15 min at 4°C, and the supernatant, which is enriched in myofilament proteins, was transferred to a new 1.5 ml microfuge tube and centrifuged for an additional 60 min at 17,000 relative centrifugal force and 4°C. The resulting supernatant was subject to LC-MS analysis.
Online LC-MS Analysis and Manual Fraction Collection-LC separation of the myofilament proteins and low-resolution MS analysis were performed as previously described (19) with minor modifications. Briefly, 3 l of the myofilament extract (equivalent to 600 g of tissue per injection) were injected, and the proteins in the mixture were eluted at a flow rate of 12.5 l/min with a gradient going from 20% mobile phase B to 95% mobile phase B in 57 min (mobile phase A: 0.10% formic acid in water; mobile phase B: 0.10% formic acid in 1:1 acetonitrile:ethanol). The flow was split after LC separation with ϳ10% of the eluting sample being ionized via electrospray ionization through a 50 m inner diameter tip, and analyzed directly by a linear ion trap mass spectrometer (Thermo Scientific, Bremen, Germany). The remaining ϳ90% of the sample was simultaneously collected as fractions on ice for subsequent high-resolution MS and MS/MS analyses.
Offline High-Resolution Fourier Transform Ion Cyclotron Resonance (FT-ICR) MS and MS/MS Analyses-Fractions
containing unknown proteins were analyzed using a 7 Tesla linear ion trap/FT-ICR mass spectrometer (LTQ/FT Ultra, Thermo Scientific) equipped with an automated chip-based nanoelectrospray ionization source (Triversa NanoMate, Advion Bioscience, Ithaca, NY) as described previously (19) . The sample was introduced into the mass spectrometer using a spray voltage of 1.3 to 1.5 kV versus the inlet of the mass spectrometer. The resolving power of the FT-ICR was set at 200,000 at 400 m/z. The automatic gain control for a full scan in the linear ion trap, FT-ICR cell, MS n FT-ICR cell, and electron capture dissociation were 3E4, 5E5, 5E5, and 8E5, respectively. For MS/MS experiments, the protein molecular ions of the individual charge states were first isolated and then fragmented using 1.5% to 4.5% electron energy for electron capture dissociation (corresponding to 0.6 to 3.5 eV) with a 70 ms duration without additional delay.
Multidimensional LC-MS/MS Analyses-The detailed experimental procedures were described previously (39) . Human embryonic kidney (HEK) 293 cell lysate was subject to ion exchange chromatography followed by reverse phase chromatography coupled to a Q Exactive benchtop Orbitrap mass spectrometer (Thermo Scientific). LC-MS/MS data were acquired with eight microscans at a resolving power of 70,000 (at 200 m/z) with automatic gain control set to 5E5 ions. A 10 V offset in the source was used for all of the experiments. In the top two data-dependent MS/MS scans, the intact protein ions were injected into the collision cell for higher energy collision dissociation (25 V) with a 10 s dynamic exclusion window.
Top-Down MS Data Analysis-The tandem mass spectra collected for unknown proteins were used to test MASH Suite Pro in terms of protein identification. Deconvolution was performed using enhanced-THRASH with a signal-to-noise ratio (S/N) threshold of 3 and a minimum fit of 60%. All deconvoluted masses were manually validated prior to identification with the targeted database from NCBI (Sscrofa10.2, containing 24,476 protein sequences) using MSAlignϩ. Alternatively, the raw MS/MS data were converted to mzXML files in centroid mode and deconvoluted using MS-Deconv (26) with an S/N of 1. The m/z, charge state, and mass for each of the precursor ions were manually validated, and the list of reported monoisotopic masses of the fragment ions was aligned against the targeted database (Sscrofa10.2, containing 24,476 protein sequences) using MSAlignϩ. To determine whether MASH Suite Pro can process LC-MS/MS data, the dataset reported in a previous publication was used (39) . Similarly, deconvolution was performed using either enhanced-THRASH with an S/N threshold of 3 and a minimum fit of 60% or MS-Deconv with an S/N of 1. The precursor list was automatically retrieved by MASH Suite Pro, and the dataset was searched against a human protein database (Uniprot-Swissprot database, released January 2013, containing 20,232 protein sequences).
RESULTS
MASH Suite Pro is an integrated software tool combining protein identification, quantitation, and characterization with visual displays for validation and correction of the computational outputs, as well as features enabling interface customization ( Fig. 1 ). All tasks are conducted in a user-friendly interface that guides the user through the process of data analysis (Fig. 2) . The zoom-in and extended views of the individual windows of the software are shown in Supplemental Figs. S1-S3. MASH Suite Pro can identify proteins with unexpected modifications, provide relative quantitation of proteoforms from different experimental/biological conditions, and localize PTMs and sequence variations. MASH Suite Pro also provides visualization components for validation and correction of the deconvoluted mass list and fragment ion assignments. It also allows users to output spectra and protein sequences directly. Moreover, MASH Suite Pro provides users with flexibility in terms of customizing the program interface, which can significantly improve the user experience. 
MASH Suite Pro for Top-Down Protein Identification-MASH Suite Pro utilizes the MS-Alignϩ algorithm to identify proteins from top-down LC-MS/MS and MS/MS data (32).
With MS-Alignϩ, MASH Suite Pro can identify truncated proteoforms, as well as those with unexpected PTMs and sequence variations. The protein identification results are output as PrSMs with statistical evaluation (p value and e-value) (32), allowing users to determine the confidence of the identification results. The workflow for protein identification in MASH Suite Pro is outlined in Fig. 3A . The raw data (e.g. .raw files from Thermo Scientific instruments) can be directly read by the program and all the steps for protein identification can be performed in an integrated search wizard (Fig. 3B) . The Database Search Wizard allows users to select different deconvolution methods (MS-Deconv or enhanced-THRASH) and fragmentation types. For LC-MS/MS data, MASH Suite Pro also allows users to select a certain scan range to minimize the duration of data processing and database search. The precursor m/z, charge states, and monoisotopic masses can also be automatically retrieved by the program. For MS/MS data lacking the precursor information, users are required to manually input the precursor information before searching the database. Additionally, as reported previously (36) , users are able to perform deconvolution using MASH Suite Pro and validate the program-determined precursor ion monoisotopic masses prior to the search.
MASH Suite Pro implements a Log Book (Supplemental Fig.  S4 ), allowing for tracking of the search process. Once the database search is finished, the search results are automatically imported into the program (Fig. 2B ) with detailed information, including the name and identifier (ID) of the identified protein, the scan number, information pertaining to the identity and localization of any PTMs, p value, and e-value, among others (Supplemental Fig. S5 ). The identified proteins can be individually selected to view the protein sequence information, along with the localization of any mass discrepancies, in the Sequence Table. In addition, bond cleavages within the sequence are also shown (Fig. 2, Supplemental Fig. S3 ).
It should be noted that the accuracy of the fragment ion monoisotopic masses resulting from deconvolution directly affects the identification results. To improve the accuracy of protein identification, MASH Suite Pro accommodates different algorithms for spectral deconvolution. Currently, MS-Deconv and enhanced-THRASH have been successfully implemented. Protein identification using enhanced-THRASH and MS-Deconv for deconvolution (Supplemental Fig. S6 ) reveals that the two methods yield similar results for the same dataset. For proteins that are identified with high confidence (evalue Ͻ 1E-30), MS-Deconv usually results in smaller e-values (Supplemental Fig. S6 ), indicating higher confidence, compared with enhanced-THRASH. When the e-values are between 1E-10 and 1E-30, the reported e-values/p values from MS-Deconv and enhanced-THRASH are similar (Supplemental Fig. S6 ). When the e-values are above 1E-10, the PrSMs are considered less confident. In these cases, enhanced-THRASH performs better than MS-Deconv (Supplemental Fig.  S6 ). Nevertheless, both deconvolution methods can be optimized by adjusting parameters such as S/N, mass tolerance, and/or fit scores, depending on the datasets to be analyzed.
MASH Suite Pro for Top-Down Protein Quantitation-MASH Suite Pro significantly simplifies and accelerates the quantitation of various proteoforms from top-down mass spectra and can present the quantitation results in both table and chart formats. Unlike the previous version (36), MASH Suite Pro also allows for the quantitation of several proteoforms from mass spectra using multiple charge states (note that quantitation is based on S/N values of the most abundant isotopomers from the mass spectra rather than the tandem mass spectra). When multiple charge states are selected for quantitation, the program automatically normalizes the proteoform abundance to the charge state to ensure accurate quantitation. In addition, it enables rapid quantitation and comparison of the selected proteoforms between different biological/experimental conditions (e.g. healthy versus diseased). Furthermore, it provides the option for averaging of the quantitation results among replicates, allowing accurate quantitation with minimal manual intervention.
The workflow for quantitation in MASH Suite Pro is outlined in Fig. 4A . Users can upload several data files and define the ions to be quantitated. For each raw data file, MASH Suite Pro calculates the relative abundances of the selected ions by summing the S/N values of the most abundant isotopomers. Users can also define the number of charge states to be calculated and the number of isotopomers of each charge state to be considered in the quantitation. Once the target ions are defined, the program will automatically search and carry out quantitation of the selected ions, generating a quantitation table and quantitation chart (Fig. 4) . Detailed procedures on the protein quantitation involving multiple charge states are outlined in Supplemental Fig. S7 .
An example of quantitation in MASH Suite Pro is shown in Fig. 4B . The relative quantities of troponin I (TnI) proteoforms, including un-phosphorylated TnI, mono-phosphorylated TnI (pTnI), and bis-phosphorylated TnI (ppTnI), in the left ventricular tissue of control swine (Control) and swine with myocardial infarction (Disease) were compared. Two groups of samples from the diseased animals were analyzed (Disease 1 and Disease 2) (Fig. 4B) . For quantitation, the S/N ratios of the most abundant isotopomers within each isotopomer envelope were summed, and the resulting values were normalized to charge state and defined as the normalized abundance of the selected ions. Once the proteoforms and charge state(s) are defined, MASH Suite Pro automatically normalizes the proteoform abundance to the corresponding charge states, finds the ions, and calculates the relative percentage of each proteoform. MASH Suite Pro can also average the relative abundance of the same proteoform in different biological replicates and presents the quantitation chart with error bars (standard error of the mean). Most importantly, users can directly compare the relative abundance of various proteoforms in different biological conditions (e.g. healthy versus diseased) (Fig. 4B) . MASH Suite Pro also provides users with a quantitation table showing the exact relative abundance of each proteoform in each experiment (Fig. 4B, Supplemental Fig. S8 ). The quantitation feature in MASH Suite Pro significantly facilitates the analysis of molecular changes in different biological/experimental conditions.
MASH Suite Pro for Comprehensive Protein Characterization-MASH Suite Pro can facilitate the characterization of
PTMs and sequence variations by allowing assignment of modifications to individual amino acids in the protein sequence (Fig. 5) . Once the protein is identified, the amino acid sequence will be displayed in the "Sequence Table" window with bond cleavages (from the tandem mass spectrum) indicated. The identified PTMs are also automatically incorporated into the protein sequence to provide more accurate assignment of the fragment ions. For example, human nuclear transport factor 2 was identified in our LC-MS/MS experiment (39) using MS-Alignϩ, and the identification results indicate that the N-terminal Met is removed and Gly1 is acetylated (Fig. 5) . Without taking into account acetylation at the N terminus, only 5 b ions and 38 y ions could be assigned (Fig.  5A) ; however, when N-terminal acetylation was taken into account, an additional 36 b ions were assigned (41 b ions and 38 y ions total). MASH Suite Pro also allows users to manually change the modifications. Moreover, users can choose to display different types of fragment ions, including b/y and c/z . pairs, as well as b/y ions with water loss (-H 2 O) and neutral ammonium loss (-NH 3 ) (Supplemental Fig. S9 ) and also visualize the fragment ions to validate and refine the fragment ion assignments (Fig. 5C) .
MASH Suite Pro for Identification, Characterization, and Quantitation of an Unknown Protein:
An Example-To demonstrate the capabilities of MASH Suite Pro, we fraction collected an unknown protein that we observed during an LC-MS run. The fraction-collected protein was subsequently analyzed offline by high-resolution MS (Fig. 6A) . High-resolution MS analysis showed that the unknown protein has multiple proteoforms (P1, P2, and P3) and that the relative abundances of these proteoforms change under different experimental conditions (Condition 1 and Condition 2) (Fig. 6A) . The most abundant proteoform (P2) was selected for fragmentation using electron capture dissociation, and the tandem
FIG. 4. MASH Suite Pro for top-down protein quantitation. (A)
The workflow for protein quantitation in MASH Suite Pro. Several raw data files corresponding to the same experimental/biological condition can be quantitated and averaged to ensure accurate quantitation. The relative abundances of proteoforms in different conditions can also be directly compared in MASH Suite Pro. B. Quantitation of Troponin I (TnI) proteoforms in cardiac left ventricular tissue from healthy (Control) and disease (Disease 1 and Disease 2) pigs. The Control, Disease 1, and Disease 2 conditions have two, four, and four biological replicates, respectively. The relative abundance of TnI, mono-phosphorylated TnI (pTnI), and bis-phosphorylated TnI (ppTnI) were determined using MASH Suite Pro. The quantitation chart provides a visual comparison of the relative percentage of each proteoform in different groups, and the quantitation table shows the exact relative percentage of the each proteoform in each experiment (only one replicate from each condition is shown). A complete quantitation table for all the experiments analyzed is shown in Supplemental  Fig. S8 . mass spectra were highly complex (Fig. 6B) , necessitating a sophisticated tool for data processing and analysis. Spectral deconvolution, protein identification, and characterization were performed in MASH Suite Pro, which identified the protein as a truncated form of ATPase inhibitor (Fig. 6C) . MASH Suite Pro can also identify unexpected PTMs and sequence variations, facilitating protein characterization. In this case, the ATPase inhibitor has one unexpected sequence variation at position 37 (Ala37Val). Once P2 was identified, according to the protein sequence, the other proteoforms (P1 and P3) were subsequently deduced (Fig. 6C) . The relative abundance of each proteoform under two experimental conditions was also determined by MASH Suite Pro and presented with a quantitation table for visual comparison (Fig.  6D) . This demonstrates the power of MASH Suite Pro for proteoform identification, comprehensive characterization, and quantitative analysis.
Data Visualization and Validation-For very complex spectra, spectral deconvolution methods sometimes fail to accurately deconvolute the isotopomer envelopes, resulting in miscalculation of the mass value or charge state (Fig. 7,  Supplemental Fig. S10 ). Charge state miscalculation and mass shifts are common primarily due to overlapping isotopomer envelopes (Fig. 7) . For high molecular weight ions and high charge state ions, even without the involvement of overlapping peaks, the current deconvolution methods can still result in charge state calculation errors and mass shifts.
MASH Suite Pro provides users with visualization features for validation of the computational outputs. Users are able to visualize the spectrum of each ion assignment together with the automatically generated theoretical isotopomer envelope (based on averagine) in the Spectrum View (Supplemental Fig.  S11 ). MASH Suite Pro allows users to correct the charge states (Fig. 7A ) and shift the theoretical isotopomer envelope incrementally by 1 Dalton to fit the real spectrum (Fig. 7B ) in order to obtain an accurate mass value for the selected ion (Fig. 7A) (36) .
Interface Customization and Table/Graphic Output-Similar to the previous MASH Suite (36), MASH Suite Pro provides users with flexibility in the arrangement of various windows and tabs in the program interface (Fig. 2, Supplemental Fig.  S12 ). Users can show or hide any window by pinning/unpinning it. The pinned windows will be shown in the program, and the unpinned windows will be hidden. When users hover over the hidden window, the window will toggle and appear temporarily, allowing the user to repin the window if desired. MASH Suite Pro arranges different views in the form of tabs, allowing users to switch between tabs to access different data or parameters (Supplemental Fig. S12 ). For example, as shown in Supplemental Fig. S2 , users can switch between the "Spectrum" and "Chromatogram" to visualize different aspects of the data. Moreover, each window can be relocated by dragging the window to a different position, which allows for easy access to different features throughout the process of data analysis. To facilitate reporting of the analyzed data, MASH Suite Pro also supports direct output of the tables and graphics (Supplemental Fig. S13 ), enabling further analysis of the data and editing/publishing of the figures.
DISCUSSION
Top-down proteomics is increasingly recognized as the premier method for the comprehensive analysis of proteoforms (12-24, 40 -44) . Nevertheless, the implementation and practice of the top-down approach still face significant challenges, including solubilizing hydrophobic proteins, separating intact proteins in complex mixtures, detecting large (Ͼ50 kDa) and low-abundance proteins, and analyzing highly complex high-resolution mass and tandem mass spectra (13) . Recent advancements, such as the development of MS-compatible surfactants for solubilizing hydrophobic proteins (45), FIG. 6 . Identification and characterization of an unknown protein followed by quantitation of the proteoforms using MASH Suite Pro. (A) An unknown protein was detected in LC-MS and the fraction containing the protein was collected and analyzed by high-resolution MS. Top-down MS revealed three proteoforms (P1, P2 and P3). The relative abundance of each proteoform varied in two different experimental conditions. (B) The proteoform (P2) was selected for fragmentation using electron capture dissociation, resulting in a highly complex MS/MS spectrum. (C) MASH Suite Pro was used for spectral deconvolution and protein identification. The proteoform P2 was identified to be a truncated form of the ATPase inhibitor containing amino acids (aa) 27-108. Characterization of the protein sequence using MASH Suite Pro identified a sequence variation (Ala37Val). Based on the protein sequence, the proteoforms (P1) and (P3) were deduced to be aa 30 -108 and aa 26 -108 of ATPase inhibitor. (D) MASH Suite Pro provided rapid quantitation to determine the relative abundances of the different proteoforms in different experimental conditions. multidimensional LC separation methodologies for the separation of complex protein mixtures (39, 46) , and functionalized nanoparticles for phosphoprotein enrichment (47), have begun to address these challenges. Nevertheless, challenges still remain in terms of analyzing highly complex top-down LC-MS and LC-MS/MS data. Herein, we have developed MASH Suite Pro to address the difficulties in analyzing complex spectra arising from LC-MS and LC-MS/MS experiments in large-scale high-resolution MS-based top-down proteomics studies. It is the first comprehensive software package that fully integrates spectral deconvolution, top-down protein identification, quantitation, and characterization, together with visual validation, into a user-friendly customizable interface.
Spectral deconvolution is a critical step in top-down data analysis because the accuracy of the deconvolution results directly affects the downstream data interpretation. MASH Suite Pro currently has accommodated two commonly used algorithms, MS-Deconv and THRASH, for the deconvolution of high-resolution mass and tandem mass spectra. These two algorithms use different methods to evaluate an experimental isotopomer envelope by matching it to the theoretical isotopomer envelope generated based on averagine (48): THRASH computes a figure of merit value that measures the similarity of peak intensities while MS-Deconv uses a scoring function that involves intensities and m/z values of peaks. In addition, these two algorithms employ different approaches for envelop selection: a greedy approach by THRASH (25) and a dynamic programming approach by MS-Deconv (26) . Specifically, THRASH reports all identified masses with a reliability value above a user-specified threshold (referred to as a fit score in MASH Suite Pro), whereas MS-Deconv determines the number of masses reported from a spectrum by estimating the length of the target protein using the precursor mass. Therefore, MS-Deconv is relatively conservative in selecting and reporting isotopomer envelopes. As a consequence, MS-Deconv usually reports fewer overall masses than THRASH but also fewer false positives. It is important to note that the statistical evaluation for PrSMs takes into account both the matched and unmatched masses, which offers an accurate estimation of the confidence of protein identification. For large-scale top-down proteomics studies, the majority of identified proteins have e-values between 1E-30 and 1E-10 (39, 46) . In this confidence range, MS-Deconv and THRASH yield very similar e-values (usually within three orders of magnitude) for the same PrSMs. For tandem mass spectra with relatively high complexity (more product ions), low noise level, and high signal intensity, high confidence in protein identification (e-values Ͻ 1E-30) can be achieved using either MSDeconv or THRASH (Supplemental Fig. S6 ). However, under these conditions, MS-Deconv usually results in better (lower) e-values than THRASH due to the fact that more stringent criteria are used for envelope reporting in MS-Deconv (i.e. fewer false positives will be produced leading to fewer unmatched masses and an overall increase in the confidence of identification). On the other hand, for tandem mass spectra with relatively low complexity (fewer product ions), high noise level, and low signal intensity, the identified PrSMs are generally less confident (e-values Ͼ 1E-10) when deconvolution is performed using either MS-Deconv or THRASH. Yet, in these cases, THRASH tends to yield better e-values than MS-Deconv due to the fact that more masses will be matched to the sequence (Supplemental Fig. S6 ) as a consequence of the lower stringency for envelope reporting. Therefore, as different deconvolution algorithms may perform better for different datasets, the choice of deconvolution method should be decided on a case-by-case basis. It should also be noted that the use of appropriate parameter settings (e.g. S/N), regardless of the algorithm used, is also important for accurate and reliable spectral deconvolution. Besides MS-Deconv and THRASH, additional deconvolution algorithms can also be added to MASH Suite Pro with the permission of the developers. For example, the recently developed UniDec (27) perform mass and charge separation of complex spectra, which can also be used for the deconvolution of high-resolution MS data.
Due to the complexity of high-resolution top-down mass and tandem mass spectra, which contain many overlapping isotopomer envelopes, currently available deconvolution methods tend to generate a considerable amount of misassigned peaks (Fig. 7, Supplemental Fig. S10 ). Peak assignment errors can prevent confident identification of the proteins, as well as accurate localization of PTMs and sequence variations. Therefore, visual validation and manual correction of the automatically processed top-down MS data are necessary to reduce false positives and correct mass shift and charge state errors if they occur. There are software packages that provide visual components for comparing the experimental isotopomer envelopes with theoretical isotopomer envelopes generated using averagine (48) . For example, Decon2LS uses a variation of THRASH for high-resolution spectral analysis and visualization (38) . DataAnalysis (Bruker Daltonics) utilizes SNAP2, a THRASH-based algorithm, for spectral deconvolution and allows for direct visual comparison of the experimental isotopomer envelopes with theoretical envelope patterns (termed SNAP pattern). Nevertheless, these software packages do not allow for manual correction of the computational outputs. In contrast, MASH Suite Pro provides easy access to the real spectra and visualization of each deconvoluted mass, with additional features allowing users to delete false positives and correct the mass values or charge states when mistakes occur. The visualization features and flexibility for data correction make MASH Suite Pro advantageous in analyzing top-down spectra with high accuracy and reliability.
MASH Suite Pro utilizes MS-Alignϩ algorithm (32) for protein identification. As demonstrated previously (14, 19, 49, 50) , MS-Alignϩ is highly effective for the identification of proteins and unexpected PTMs from top-down tandem mass spectra. A previous study has shown that MS-Alignϩ completes matching 1000 spectra in 18 min versus 22 min using the biomarker search mode of ProSightPC (32) . This corresponds to an improvement of ϳ20% in the speed of protein identification. In addition, the time needed for ProSightPC to complete the search in the advanced search mode (searching against annotated top-down database) was an order of magnitude longer (32) . Moreover, MS-Alignϩ can identify unexpected PTMs whereas ProsightPC cannot. This demonstrated the advantages of MS-Alignϩ in protein identification. By incorporating MS-Alignϩ, we have developed a user-friendly interface for protein identification in top-down proteomics with high simplicity and speed. Instead of operating protein identification via command lines in the previous MS-Alignϩ, users are able to finish all the necessary steps for protein identification in a single intuitive platform. In addition to MSAlignϩ, MASH Suite Pro can also accommodate other search algorithms in the future, such as the very recently developed TopPIC (http://proteomics.informatics.iupui.edu/software/ toppic/index.html) and MSPathFinder (http://omics.pnl.gov/ software/mspathfinder). Similar to MS-Alignϩ, TopPIC identifies proteoforms with unexpected sequence variations and PTMs and estimates statistical confidence of the identified PrSMs. TopPIC improves on MS-Alignϩ in terms of search efficiency and computing requirements. MSPathFinder also employs spectral alignment algorithm for top-down protein identification. It requires the users to input the spectrum file, a protein sequence file (.fasta), and a list of potential modifications. MSPathFinder matches the spectra against the userspecified protein sequences containing the defined modifications and reports the search results as PrSMs with their scores, which indicates the degree of confidence in the identification. When considering only one modification (acetylation), MSPathFinder is faster than MS-Alignϩ. However, MSPathFinder only includes the user-defined modifications, so it is somewhat limited for the identification of unexpected PTMs. Therefore, MS-Alignϩ is favored for large-scale proteomics studies and PTM discovery.
MASH Suite Pro enables rapid and accurate relative quantitation of proteoforms in different biological/experimental conditions and, thus, has great potential in the dissection of disease-associated proteoform alterations (13, 19, 22-24, 40 -42, 51, 52) . MASH Suite Pro allows for the quantitation of different proteoforms with multiple charge states from multiple top-down spectrum data files. The program also automatically generates a quantitation table and chart for a direct comparison of the relative abundances of various proteoforms in different conditions. When disease-related changes in the abundance of proteoforms are observed, MASH Suite Pro can also facilitate the characterization of the proteoforms, including the localization of sequence alterations and PTMs (Fig. 6) . This highlights the potential of MASH Suite Pro in unraveling proteoform-associated disease mechanisms.
Regarding the data format, MASH Suite Pro can directly process and analyze the raw data format (.raw) generated by the instruments of Thermo Scientific without conversion. Furthermore, MASH Suite Pro can also process mzXML files (53) , which are an open data format for the storage and exchange of MS data. Proprietary file formats from most vendors can be converted to the open mzXML format, allowing the use of MASH Suite Pro for processing and analyzing data files generated from the instruments of most vendors.
In summary, MASH Suite Pro is a comprehensive, userfriendly, and freely available program tailored for large-scale top-down proteomics data analysis, including spectral deconvolution, protein identification, quantitation, and characterization. Distinguished from the previous version for single protein characterization, MASH Suite Pro has implemented important new features for large-scale proteomic data analysis, including the ability to process LC-MS and LC-MS/MS data, identification of unknown proteins and PTMs, as well as multiplex proteoform quantitation involving various biological/experi-mental conditions. MASH Suite Pro also allows for visual validation and correction of the computational outputs to ensure the accuracy of data interpretation. With a userfriendly and customizable interface, MASH Suite Pro greatly simplifies and speeds up the interpretation of high-resolution data and, therefore, will play an integral role in advancing the field of top-down proteomics.
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